Background: Sudden cardiac death (SCD) induced by malignant ventricular tachycardia (MVT) among young adults with right ventricular cardiomyopathy/dysplasia (ARVC/D) is a devastating event. Parts of ARVC/D patients have a mutation in genes encoding components of cardiac desmosomes, such as desmoglein-2 (DSG2), plakophilin-2 and desmoplakin. Case presentation: Here we report a potentially pathogenic mutation in the DSG2 gene, which was identified in a family with ARVC/D using Whole Exome Sequencing (WES) and Sanger Sequencing. In all, Patient III:1 with ARVC/D carried the compound heterozygous mutations of DSG2 p.F531C and KCNE5 p.D92E/E93X, which were both inherited from her mother (II:2), who died of SCD. Carriers of DSG2p.F531C showed various phenotypes, such as ARVC/D, SCD, MVT and dilated cardiomyopathy. For III:1, there were significant low-voltage regions in the inferior-apical, inferior-lateral wall of the right ventricular epicardium and outflow tracts of the right ventricle. Under the guidance of a three-dimensional mapping system, MVT was successfully ablated with an epicardial-endocardial approach targeting for late, double or fragmental potentials after implantable cardioverter-defibrillator (ICD) electrical storms. No VT recurrence was observed during the one year of follow-up. Conclusions: When coexisting with heterozygous KCNE5 p.D92E/E93X, heterozygous DSG2 p.F531C as a genetic background was found to predispose to ARVC/D, SCD and MVT, which were successfully ablated using an epicardial-endocardial approach.
Background
Sudden cardiac death (SCD) is a major public health problem accounting for 15%-20% of all deaths [1] . Common causes of SCD include cardiomyopathies and ion channelopathies in the young population aged < 35 years [2] . SCD can result in death among patients with arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D), sometimes with early signs of malignant ventricular tachycardia (MVT) of hemodynamic compromise [3] . ARVC/D is a genetically determined cardiomyopathy characterized by fibro-fatty replacement of the right ventricle or in some cases the left ventricle. Less than 60% of ARVC/D patients have a mutation in genes encoding components of cardiac desmosomes, such as plakophilin-2, desmoglein-2 (DSG2) and desmoplakin [4] . Some patients implanted with implantable cardioverter-defibrillator (ICD) still suffer from electrical storms or SCD due to repeated MVT. This is associated with a history of a cardiac arrest or MVT, younger age, unexplained syncope, presence of non-sustained VT and other risk factors [5, 6] . In this study, we examined a Chinese Han family with ARVC/D, dilated cardiomyopathy (DCM), MVT and a history of SCD. The genetic background of the family members was explored by whole exome sequencing (WES). Meanwhile, MVT was mapped in one patient under the guidance of a three-dimensional mapping system.
Case presentation
This study was approved by the Guangdong Medical Institutional Review Board and Medical Ethics Committees [No.GDREC2016001H (R1)], and all participants gave informed consent. The CARE guidelines were followed as well. Family members III:4-15 were not followed up due to the absence of clinical symptoms or because they were under the age of 18 ( Fig. 1) . Detailed clinical information was obtained, including family history, age of presentation, initial symptoms of VT and cardiomyopathy, physical examination, electrocardiograms (ECGs), echocardiograms and cardiac computed tomography (CT) /magnetic resonance image (MRI) based on their informed consent. In addition, Holter monitoring, electrophysiological examination and three-dimensional cardiac reconstruction (guided by the CARTO system) were performed in patient III: 1. Familial cardiac disease was diagnosed according to the WHO1995 diagnostic criteria and Revised (2010) Task Force Criteria for Diagnosis of ARVC/D [7] . Individuals without common diseases or minor cardiac or skeletal muscle abnormalities were classified as healthy. In this family, patient III:1 was diagnosed with ARVC/D and MVT and thus elected to WES.
Whole exome sequencing
Genomic DNA samples of the family members were isolated from peripheral blood using a standard DNA extraction protocol. The isolated genomic DNA of III:1 was then fragmented into 150-200 bp and subjected to DNA library preparation using established Illumina paired-end protocols. Adaptor-ligated libraries were amplified via PCR. A portion of each library was used to create an equimolar pool. Each pool was amplified to enrich for targets to be sequenced by the Agilent SureSelectXT Target Enrichment System (Agilent Technologies Inc., Santa Clara, CA, USA). Whole exome capture was performed with the Agilent SureSelectXT Human All Exon 50 Mb Kit (Agilent Technologies Inc.) following the manufacturer's protocol. The exome-enriched libraries were sequenced with the Illumina HiSeq2000 platform (Illumina, San Diego, CA, USA) according to the manufacturer's instuctions, and 100 bp paired-end sequencing reads were generated. Each sample was sequenced per lane to obtain an average theoretical depth of 100 × .
Read mapping, variant detection and functional annotation
Raw reads of WES for III:1 were collected for quality control, in which low quality reads were filtered and 3′/5′ adapters were trimmed using the Trim Galore program. Clean reads were aligned to the human reference genome (University of California Santa Cruz, UCSC build hg19) using the Burrows-Wheeler Aligner (BWA) program. The quality scores were recalibrated, and reads were realigned to the reference genome using the Genome Analysis Toolkit (GATK) software package. Following the exclusion of duplicate reads, insertion-deletions (InDels) and singlenucleotide polymorphisms (SNPs) were called using the GATK or Sequence Alignment/Map tools (SAM tools).
SNPs and InDels were annotated using a pipeline in which all insertion and deletion variants occurring incoding regions were considered damaging, and nonsynonymous SNPs were predicted by SIFT (http://sift.jcvi. org/www/) [8] and, PolyPhen-2 (Polymorphism Phenotyping v2, http://genetics.bwh.harvard.edu/pph2/) [9] .The variants of III:1 in approximately 200 genes (showed in Additional file 1) predisposing to hereditary cardiomyopathies and arrhythmias were screened as candidate genes, and the filtering criteria for variant inclusion were as follows: (1) same variants in the WES data; (2) missense, nonsense and InDel variants; and (3) SNPs with a minor allele frequency not more than 0.01 according to the NCBI-SNP database [10, 11] .
Sanger sequencing for candidate genes DNA sequences of the candidate genes were obtained from Genbank, and the primers were designed with Primer Premier 5.0. The protein-coding regions of these genes were amplified from genomic DNA. Amplification products were purified using the MinElute PCR Purification Kit (Qiagen) and were sequenced directly with the BigDye terminator method (Applied Biosystems, Foster City, CA, USA) on a capillary autosequencer (ABI Prism 3100) using the sequencing primers shown in Table 1 . Three dimensional structure analyses were conducted with the SWISS-Model Server using alignment mode.
Electroanatomic mapping
The epicardial access was secured through a subxiphoid puncture. The decision to proceed to epicardial mapping and ablation was left to the operator's discretion. Electroanatomic mapping was performed during sinus rhythm using CARTO-V3 (Biosense-Webster, Diamond Bar, CA, USA), for III:1. Mapping was performed with a multipolar high-density mapping catheter (PentaRayNav, Biosense Webster). We defined a peak-to-peak bipolar amplitude of < 1.5 mV in the endocardium and < 1.0 mV in the epicardium as the bipolar low-voltage or scar zones [12] . The local abnormal ventricular activities were labeled in the mapping model.
Follow-up
III:1 was followed up for one year with ICD interrogation, in case of the recurrence of sustained VT or appropriate ICD therapies.
Familial characteristics
The proband, II:2 (female, 30 years old), had experienced eight episodes of unexplained syncope, but had never been medically examined or treated. Unexplained sudden death occurred while she was doing housework in the kitchen. Another affected patient, III:1 (female, 25 years old, offspring of patient II:2), experienced repeated sudden heart palpitations and syncope for three months, with loss of consciousness, foaming at the mouth and tic of limbs that lasted for approximately 30 s and spontaneously released without drug therapy and any medical care. The similar symptoms above were recurrent without any reason or medical therapy before, and her emergency ECG showed with persistent VT derived from the inflow-free wall of right ventricle ( Fig. 2 (Fig. 4a) . According to the 1000 Genomes Project (2015 release version), the minor allele frequency of KCNE5 (p.D92E/ E93X) was 0.0026 in this population. KCNE5 (p.D92E/ E93X) was detected in III:1 and III:2, but negative for III:3 and II:1, which suggested that KCNE5 (p.D92E/E93X) was heterozygous in II:2 who died of SCD. Based on the familial and detailed analysis of KCNE5 (p.D92E/E93X), which was negative for the other family members including II:3-6 and I:2, we still couldn't speculate what the exact genotype of KCNE5(p.D92E/E93X) was for I:1. KCNE5 (p.D92E/E93X) it was possibly homologous negative or heterozygous carried by I:1 (Fig. 1) , but inclined to the former. The 51 to (Fig. 4b) . Therefore, KCNE5 p.E93X results in a shortened sequence that truncates the protein from 93 to 142 amino acids (Fig. 4c-d) .
The minor allele frequency of ALDH1A2 p.E50G (rs34266719), which was detected in III:1 and III:2, was 0.002 in the 1000 Genomes Project. ALDH1A2 is an enzyme that catalyzes the synthesis of retinoic acid from retinaldehyde and regulates tissue development. The SYNE1 p.Q8498R (rs529921934) mutation from WES was validated as a false positive by Sanger sequencing. The mutations OBSCN p.D4510N, ABCA3 p.R1457Q and COL3A1 p.P566L were inherited from the patient's father (II:1), who did not have cardiac disease and any adverse events.
Substrate mapping and catheter ablation
For III:1, short episode of VTs originating from the right ventricular inflow and outflow tracts were observed during the electrophysiological examination. Under the guidance of the CARTO system and mapping (Fig. 5) , we found no obvious region of low voltage, scars or abnormal potential in the endocardium of both ventricles. We continued mapping in the epicardium, and found slow conductions in the apical, basal and outflow regions, surrounding the tricuspid annulus (6-9 counterclockwise) and the inferior-lateral wall of right ventricle. The slow conductions were characterized by narrow and late double potentials or fragmental potentials for potential targets. Next, linear or lamellar ablation was Fig. 4 Pathogenic mutations in the DSG2 protein and structure of KCNE5 mutations. a secondary structure of DSG2 protein (NP_001934.2), which consists of 1118 amino acids. The pathogenic mutation related to ARVC/D, hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) were displayed according to PubMed ClinVar and recent reports from PubMed. b-d primary (b) and tertiary (c-d) structure changes of KCNE5 p.D92E/E93X mutation and wildtype of KCNE5, constructed by Swiss-model. *, stop-gain performed in these areas. At the same time, the median septum of the right ventricular outflow tract in the endocardium was conducted by pacing mapping, and then ablation was performed after identifying potential targets. There was no VT induction after intravenous infusion of isoproterenol. During the one-year of follow-up after ablation, VT didn't occur during the oral administration of β-blocker (metoprolol sustained release tablets, 47.5 mg every two days).
Discussion and conclusions
We detected the compound heterozygous mutations of DSG2 p.F531C and KCNE5 p.D92E/E93X as the important risks for the development of ARVC/D, DCM, MVT and SCD. DSG2 p.F531C mutation was one of the potentially genetic backgrounds related to SCD and MVT. The MVT originating from the inflow-free wall and outflow tract of the right ventricle was successfully ablated using an epicardial-endocardial approach.
DSG2 as a pathogenic gene
ARVC/D is characterized by progressive fibro-fatty replacement and cardiacmyocyte disruption in the right or/and left ventricles. ARVC/D is also an important risk factor for SCD resulting from MVT and/or irreversible heart failure in young people [13, 14] . DSG2 is an important component of the desmosome in the cardiac intercalated disc, which interacts with desmocollin-2 through extracellular domains [15] . It has been reported that DSG2 mutations are related to ARVC/D, hypertrophy and DCM. According to previous studies, the DSG2 p.N271S mutation in young transgenic mice (similar to the N266S mutation in humans) was associated with SCD induced by spontaneous VT, biventricular dilation and aneurysms, myocardial necrosis and heart failure [16] . According to previous report about a Chinese Han family with ARVC/D from our cardiac center, [17] we have identified a homozygous mutation of DSG2 p.F531C by the whole genome sequencing. The carriers of the homozygous genotype were shown to be affected with biventricular dilation and noncompaction, aneurysms in the left ventricle and spontaneous multifocal VTs. A myocardial biopsy showed interrupted, atrophic and disarranged myocardial fibers; interstitial fibers, hyperplastic, infiltrated and collagen-invaded fibers and adipocytes; and widened and destroyed intercalated discs. Some carriers with heterozygous mutation of DSG2 p.F531C showed incomplete penetrance [17] . Similar phenotype of ARVC/D induced by homozygous mutation of DSG2 p.F531C was also found in another Chinese Han family and DSG2-F531C knock-in mice with decreased expression of CX43. The different phenotype and its penetrance between homozygous and heterozygous of DSG2 p.F531C suggested the gene-dose dependent pathogenesis [18] . In this family, the patients (II:2, III:1 and II:4) with heterozygous DSG2 p.F531C had worse phenotypes characterized as SCD, ARVC/D, MVT and DCM. Whereas the members (II:5 and II:6) without DSG2 p.F531C showed delayed enhancement localized in the epicardial base or adipose infiltration in the apex of left ventricle with normal ventricular diameter, motion and function. There was no significant or incomplete cosegregation between genotype and phenotype in this family. The reasons may be as follows: Firstly, due to incomplete penetrance or delayed onset, III:2 who carried with heterozygous DSG2 p.F531C and detected with normal CMRI and ECG had no clinical syndrome or significant phenotype yet. Secondly, the early and abnormal cardiac changes of II:5 and II:6 without DSG2 p.F531C suggested that another novel genetic background not discovered or unknown may be harbored and affect the phenotypes, or even aggravate the phenotypes together with DSG2 p.F531C. Whether this kind of unknown genetic background existing in II:2, II:4, III:1 and III:2 or not would potentially affect the phenotypes of ARVC/D, MVT, DCM, even the occurrence of SCD. However, it was hard to draw a conclusion now.
KCNE5 stop-gain mutation and the risk of adverse events
We also identified a stop-gain mutation, heterozygous KCNE5 p.D92E/E93X. The KCNE5 gene is located on the X chromosome (q23), consists of one exon and is highly expressed in cardiac muscle. KCNE5 modifies the function of most of the KCNQ family, Kv2.1 and Kv4.3. KCNE5 mutations or polymorphisms predispose to Brugada syndrome, idiopathic ventricular fibrillation, subclinical QT prolongation and atrial fibrillation [19] . A male patient with Brugada syndrome and a family history of SCD carried a heterozygous mutation of KCNE5 p.D92E/E93X. The current densities of I to were significantly increased in CHO cells transfected with KCNE5 p.D92E/E93X alone when compared to cells transfected with wild-type KCNE5 or both (KCNE5 p.D92E/E93X and wild-type KCNE5). The heterozygous KCNE5 p.D92E/ E93X mutation was inherited from the patient's mother and heredity to his two daughters, although these three family members did not show a Brugada pattern on their ECGs or have adverse events. Interestingly, the SCD of this family was predominantly seen in the proband's paternal side, but not his maternal side. It was speculated that KCNE5 p.D92E/E93X was a genetic modifier, suggesting that the causal genetic mutation for SCD had not been found. The results in that study also suggested that carrying the homozygous KCNE5 p.D92E/E93X mutation may influence the current density of I to , but carrying the mutation in the heterozygous state may not [20] . According to the population data on East Asians in the 1000 Genomes Project, the minor allele frequency of KCNE5 p.D92E/ E93X is 0.0026 in the general population, which may not be low enough to cause a rare dominantly inherited cardiac disease.
In this family, DSG2 p.F531C may be one of the genetic causes of ARVC/D and MVT, as it has been seen in three Chinese Han families. The family member II:4 (male, 47 years old) also carried the DSG2 p.F531C mutation and had DCM, but did not have adverse events associated with MVT and SCD. ARVC/D itself is a strong risk factor for MVT and SCD. Nevertheless, there were different phenotypes and prognoses among the carriers. For example, due to incomplete penetrance, delayed onset or lack of another harboring genetic background unknown, III:2 with DSG2 p.F531C had no significant phenotype of ARVC/D and MVT. So it is difficult to determine the contribution of the heterozygous KCNE5 p.D92E/E93X mutation on the prognosis of II:2 and III:1. As compared to II:4, II:2 and III:1 were compound and heterozygous carriers of DSG2 p.F531C and KCNE5 p.D92E/E93X, which occurred with SCD in one patient and MVT in another, suggesting that the latter mutation may increase the susceptibility of SCD or MVT in this family. Therefore, although we cannot determine the exact contribution of KCNE5 p.D92E/ E93X on SCD or MVT in this family, we can speculate that DSG2 harbors the potentially pathogenic mutation related to cardiac structure and was the main cause of SCD and MVT. On the other hand, the heterozygous mutation of KCNE5 p.D92E/E93X may partly play an important role as a risk modifier. In contrast to the study mentioned above, except for the heterozygous KCNE5 p.D92E/E93X mutation, we found a potentially malignant genetic background of DSG2 p.F531C mutation expressed in the intercalated discs of cardiac structure and related to SCD and MVT.
Catheter ablation therapy
Epicardial focus is common in approximately 41% of ARVC/D patients, due to the high probability of midmyocardial or subepicardial scars. Compared to an endocardial strategy, an epicardial-endocardial approach for ARVC/D patients may improve freedom from MVT with long-term efficacy. Acute procedural success with non-inducibility is significantly associated with long-term VT freedom [21] . The epicardial mapping and ablation are considered, when the characteristics of a patient are satisfied with the criteria as follows: the epicardial VT exit site suggests by an ECG; prior unsuccessful endocardial ablation; sub-epicardial or mid-myocardial scars shown by cardiac imaging and likelihood of epicardial circuit for underlying substrate. The ECG criteria suggesting epicardial VT exit included pseudo-delta > 34 milliseconds (ms), intrinsicoid deflection time (V 2 lead) > 85 ms, shortest RS complex > 121 ms, and QRS duration > 211 ms [22] . For III:1 in our study, after failed ablation in the endocardium, the ICD was implanted. The ICD electrical storms recurred repeatedly. Under the guidance of the CARTO system in the second ablation, there was no low-voltage region or scar in the endocardium of both ventricles. Epicardial substrate mapping was performed, which revealed clear scars fulfilled with double, fragmented and late potentials, suggesting narrow conduction channels around the tricuspid annulus in the inferior-lateral and inferiorapical walls and the outflow tract of the right ventricle. These electrical abnormalities were more significant and severe than those of ECG and structure scanned by CT. Linear and lamellar ablation was successfully performed in these epicardial channels. After identifying potential targets with late potentials and ECGs similar to clinical MVT by endocardial pacing mapping in the median septum of the right ventricle, the endocardial ablation was performed in this region. No MVT or electrical storms recurred during one year of follow-up of III:1.
Study limitations
In this study, although the DSG2 p.F531C mutation is one of the potentially pathogenic risks associated with various phenotypes of ARVC/D, MVT, SCD and DCM, the pathogenic mechanism is unknown. The novel and harboring genetic background inducing early change of ARVC/D in II:5 and II:6 is unknown and needs more detailed pedigree for analysis. The influence of heterozygous KCNE5 p.D92E/ E93X on the prognosis of ARVC/D still needs further evaluation in vitro experiment.
Conclusions
In a Chinese family with ARVC/D, MVT, SCD and DCM cases, we identified potential pathogenic mutations in DSG2 and KCNE5 by WES in a patient with ARVC/D, MVT and family history of SCD. The DSG2 p.F531C mutation may be an important pathogenic mutation for MVT and SCD. MVT originated from the inflow-free wall and the outflow tract of the right ventricle. The strategy of epicardial-endocardial ablation across/in the substrate scars characterized as late, fragmented or double potentials was successfully performed under the guidance of a three-dimensional mapping system, with valid prognosis during long-term follow-up. Although it is difficult to clarify the contribution of heterozygous mutation of KCNE5 p.D92E/E93X on MVT and SCD in this ARVC/D family, our research indicated that at least MVT and SCD occurred in some members carrying with heterozygous DSG2 p.F531C as potentially pathogenic background, and KCNE5 p.D92E/E93X as a risk modifier simultaneously. 
